Bradshaw AD, Baicu CF, Rentz TJ, Van Laer AO, Bonnema DD, Zile MR. Age-dependent alterations in fibrillar collagen content and myocardial diastolic function: role of SPARC in post-synthetic procollagen processing. Am J Physiol Heart Circ Physiol 298: H614 -H622, 2010. First published December 11, 2009; doi:10.1152/ajpheart.00474.2009.-Advanced age, independent of concurrent cardiovascular disease, can be associated with increased extracellular matrix (ECM) fibrillar collagen content and abnormal diastolic function. However, the mechanisms causing this left ventricular (LV) remodeling remain incompletely defined. We hypothesized that one determinant of age-dependent remodeling is a change in the extent to which newly synthesized procollagen is processed into mature collagen fibrils. We further hypothesized that secreted protein acidic and rich in cysteine (SPARC) plays a key role in the changes in post-synthetic procollagen processing that occur in the aged myocardium. Young (3 mo old) and old (18 -24 mo old) wild-type (WT) and SPARC-null mice were studied. LV collagen content was measured histologically by collagen volume fraction, collagen composition was measured by hydroxyproline assay as soluble collagen (1 M NaCl extractable) versus insoluble collagen (mature cross-linked), and collagen morphological structure was examined by scanning electron microscopy. SPARC expression was measured by immunoblot analysis. LV and myocardial structure and function were assessed using echocardiographic and papillary muscle experiments. In WT mice, advanced age increased SPARC expression, myocardial diastolic stiffness, fibrillar collagen content, and insoluble collagen. In SPARC-null mice, advanced age also increased myocardial diastolic stiffness, fibrillar collagen content, and insoluble collagen but significantly less than those seen in WT old mice. As a result, insoluble collagen and myocardial diastolic stiffness were lower in old SPARC-null mice (1.36 Ϯ 0.08 mg hydroxyproline/g dry wt and 0.04 Ϯ 0.005) than in old WT mice (1.70 Ϯ 0.10 mg hydroxyproline/g dry wt and 0.07 Ϯ 0.005, P Ͻ 0.05). In conclusion, the absence of SPARC reduced age-dependent alterations in ECM fibrillar collagen and diastolic function. These data support the hypothesis that SPARC plays a key role in post-synthetic procollagen processing and contributes to the increase in collagen content found in the aged myocardium.
play an important role in the functional limitations that occur in advancing age (16, 24) . Previous studies have shown that with increasing age, the LV develops concentric remodeling (characterized by an increased LV mass-to-volume ratio), increased extracellular matrix (ECM) fibrillar collagen content, and significant abnormalities in diastolic function (16, 24, 29) . However, the pathophysiological mechanisms by which advancing age leads to cardiac remodeling, particularly a net increase in myocardial collagen content and the development of diastolic dysfunction, have not been completely defined.
Fibrillar collagen biosynthesis begins within a fibroblast with the synthesis of a procollagen molecule (6) . After synthesis, the procollagen molecule is secreted into the extracellular space, where it must undergo a series of ordered, time-sensitive, and location-sensitive processing steps to become a mature cross-linked insoluble structural collagen fibril (for reviews, see Refs. 19 and 36) . Secreted protein acidic and rich in cysteine (SPARC; also called osteonectin or BM-40), a collagen-binding matricellular protein, has been implicated in postsynthetic procollagen processing (9, 33, 38) . Changes in SPARC-dependent collagen deposition have been investigated in animal models of pressure-overload hypertrophy and myocardial infarction (10, 40) ; however, this aspect of myocardial fibrillar collagen biosynthesis has not been examined in aging. Therefore, we hypothesized that one fundamental mechanism by which advanced age increases myocardial fibrillar collagen content and causes the development of abnormal diastolic function is an alteration in post-synthetic procollagen processing.
Post-synthetic procollagen processing and subsequent collagen assembly is dependent on and influenced by soluble factors including matricellular proteins (8, 9, 11) . Previous studies examining SPARC have suggested that SPARC participates in the coordination of procollagen processing and facilitates the formation and assembly of mature cross-linked insoluble structural collagen fibrils (11, 38) . However, it is not known whether a change in SPARC expression is a fundamental mechanism by which advanced age increases myocardial fibrillar collagen content and causes diastolic dysfunction. Therefore, we further hypothesized that one determinant of an age-dependent change in post-synthetic procollagen processing is an increase in the extracellular protein SPARC.
Thus, the purpose of this study was to test the following hypotheses: 1) SPARC is significantly increased in the aged myocardium and 2) the absence of SPARC significantly alters the effects of advanced age on myocardial fibrillar collagen content and diastolic function.
METHODS

Animals
Four groups of mice were studied: young wild-type (WT) mice, old WT mice, young SPARC-null mice, and old SPARC-null mice. "Young" was defined as 3 mo old; "old" was defined as 18 -24 mo old. Transgenic mice did not express SPARC (SPARC-null mice, produced by targeted gene deletion) were compared with WT mice on the same background (C57Bl6/SV129). All procedures performed were approved by the Institution Animal Care and Use Committee of the Medical University of South Carolina in accordance with National Institutes of Health guidelines.
Echocardiography
Mice from each genotype and age group (n ϭ 7 mice each) underwent echocardiography to examine in vivo LV structure and function using previously described methods and measurements (10) . Echocardiographic measurements were made using a 15-MHz transducer and a Sonos 5500 echocardiograph (Agilent Technologies, Andover, MA). Three to six beats were averaged for each measurement. LV dimension and wall thickness measurements were made at end diastole and end systole using American Society of Echocardiography criteria (25) . Mean wall thickness was calculated as the average of the interventricular septal wall thickness (IVS) and LV posterior wall thickness (LVPW). Relative wall thickness (RWTH) was calculated as the mean LV wall thickness divided by the LV internal dimension (LVID) at end diastole. LV mass was calculated using the following formula: LV mass ϭ 1.005 ϫ [(IVS at end diastole ϩ LVPW at end diastole ϩ LVID at end diasole) 3 Ϫ (LVID) 3 ]. LV mass was normalized to body weight (LV-to-body weight ratio) and tibial length (LV-to-tibial length ratio). LV enddiastolic volume (LVEDV) and LV end-systolic volume (LVESV) were determined using the Simpson's method of discs. The ejection fraction (EF; in %) was calculated as follows: EF ϭ 100 ϫ [(LVEDV Ϫ LVESV)/LVEDV]. Blood pressure measurements were made as described in Ref. 10 .
Extraction and Biochemical Quantification of Collagen
Young SPARC-null (n ϭ 10), young WT (n ϭ 8), old SPARC-null (n ϭ 11), and old WT (n ϭ 11) mice were anesthetized using inhalation isoflurane and given 200 units of heparin intraperitoneally. The LV was isolated, weighed, and frozen in liquid nitrogen. Frozen LV tissue was lyophilized, weighed (dry weight), pulverized, resuspended in 1 M NaCl with protease inhibitors, tumbled overnight at 4°C, and centrifuged. The supernatant then contained "NaCl-soluble" collagen (i.e., largely noncross-linked collagen); the pellet contained "NaCl-insoluble" collagen (mature cross-linked fibrillar collagen). Each collagen fraction was processed separately. Collagen fractions underwent complete acid hydrolysis with 6 N HCl for 18 h at 120°C, and each was then neutralized to pH 7 with 4 N NaOH. One milliliter of chloramine T was added to 2-ml volumes of the collagen sample and incubated at room temperature for 20 min. One milliliter of Ehrlich's reagent (60% perchloric acid, 15 ml 1-propanol, and 3.75 g p-dimethyl-amino-benzaldehyde in 25 ml) was added, and samples were incubated at 60°C for 20 min. Absorbance at a wavelength of 558 was read on a spectrophotometer. Collagen was quantified as milligrams of hydroxyproline per gram dry weight of the LV myocardium. Thus, two collagen measurements were made by this hydroxyproline quantification of differentially isolated collagen fractions: NaCl-insoluble collagen (mature, fully processed, cross-linked collagen) and NaCl-soluble collagen (not processed or incompletely processed but noncross-linked collagen). Total collagen was the sum of soluble collagen with insoluble collagen.
Western Blot Analysis
Immunoblots were performed on LV tissue samples from four separate young and old WT and SPARC-null mice extracted with triton extraction buffer. SDS-PAGE gels were transferred to nitrocellulose membranes and probed with rabbit anti-murine SPARC polyclonal (1:20,000 dilution, R&D Systems, Minneapolis, MN) and anti-actin (Sigma, St. Louis, MO) antibodies. Chemiluminescence was used to detect secondary antibodies conjugated to horseradish peroxidase and exposed to film. The density of bands was determined using the ImageJ software program.
Papillary Muscle Preparation and Myocardial Function Measurements
Mice (6 mice of each genotype and age) were anesthetized and given 200 units of heparin intraperitoneally. The LV was isolated, the aorta was cannulated, the LV was perfused with 2,3-butanedione monoxime (BDM), and the papillary muscle was isolated to determine in vitro myocardial diastolic function. One half of the LV was fixed in 4% paraformaldehyde at 4°C to undergo quantitative collagen content analysis using light microscopy experiments (described below). The other half of the LV was fixed in 2% glutaraldehyde to undergo morphometric analysis of fibrillar collagen using scanning electron microscopy experiments. The methods used to isolate and study murine papillary muscle were as previously described (10) . Passive diastolic stiffness was examined two ways: 1) define rest stress at maximum length (L max) and 2) perform a muscle stretch at a very slow stretch rate (1 mm/min) beginning from near slack length (very lightly preloaded muscle at 0.1 g) to a muscle length of 15% greater than that at slack length (equivalent to Lmax preload). The myocardial stress-vs.-strain relationship during this muscle stretch was used to calculate the passive stiffness constant (␤) as follows: stress ϭ Ae (␤ ϫ strain) ϩ C, where A and C are curve-fitting constants. Myocardial stress was calculated from muscle force divided by muscle cross-sectional area, and strain was calculated as L Ϫ L0/L0, where L is the muscle length during stretch and L0 is the muscle length at 0.1-g preload.
Collagen content by light microscopy. LV sections were stained with picrosirius red (PSR) to detect collagen fibers and viewed with polarized light under dark-field optics to detect the birefringence of collagen fibers. Quantitative analysis of PSR-stained images captured with polarized light were performed. Five fields chosen at random from each of the 6 mice/group were scanned using Sigma Scan software. Fields with large blood vessels were excluded from the analysis. The areas examined were distributed throughout the myocardium from the subendocardium to subepicardium and excluded the epicardial surface. The collagen volume fraction was calculated as the area stained by PSR divided by the total area of interest using previously published techniques (7). PSR birefringent staining was used to identify and quantify mature fully processed cross-linked insoluble fibrillar collagen within the myocardium (23, 48) . A previous study (10) has confirmed that PSR birefringent staining does not detect procollagen and is specific for mature collagen fibrils.
Collagen Morphological Structure by Scanning Electron Microscopy
LV samples from three separate mice of each genotype and age were processed using previously published techniques that included immersion fixation in 2% cacodylate glutaraldehyde, postfixation in 2% osmium tetroxide, dehydration with 100% alcohol, and drying with hexamethyldisilazine using a critical point dryer (43) . Samples were mounted on scanning electron microscopy stubs, sputter coated with gold palladium, and imaged using a JEOL JSM-5410 scanning microscope at 15 KV, with a lens current of 46 and a working distance of 14.
Statistical Analysis
Data are presented as means Ϯ SE. Differences between young WT, old WT, young SPARC-null, and old SPARC-null groups were determined using one-way ANOVA followed by Tukey testing of pairwise analysis. P values of Ͻ0.05 were considered significant. The primary outcome variable for this study was the concentration of insoluble collagen measured by biochemically determined hydroxyproline levels. The other measurements presented were secondary endpoints that were included as an exploratory analysis to examine pathophysiological mechanisms. The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
RESULTS
Effects of Aging
SPARC immunoblot analysis.
There was a significant increase in the levels of SPARC protein in old WT hearts compared with the young WT hearts as measured in LV myocardial tissue samples taken from four separate mice at each age ( Fig. 1) .
Fibrillar collagen content by light microscopy. There was a significant increase in the collagen volume fraction in hearts of old WT mice compared with young WT mice (n ϭ 6 mice/ group; Figs. 2 and 3). In addition, collagen fibers in old mice were morphometrically dissimilar from those in young mice. Collagen fibers from old mice detected by PSR staining appeared red/orange when viewed under polarized light, characteristic of mature, cross-linked fibers. Young collagen fibers stained with PSR appeared green/yellow when viewed under polarized light, suggesting that the young collagen fibers were less cross-linked than the collagen fibers from old mice.
Sections containing the epicardial surface, endocardial surface, or large blood vessels were excluded from analysis. However, there were not demonstrable differences in the regional expression of collagen by PSR across the myocardium, and, qualitatively, the distribution appeared uniform. Particularly, no differences in sites of collagen accumulation between young versus old hearts were apparent.
Collagen composition by biochemistry. In WT mice, advanced age was associated with an increase in the total collagen and salt-insoluble collagen as measured by hydroxyproline analysis compared with young mice (n Ͼ 8 mice/group; Fig. 4 and Table 1) .
Collagen morphology by scanning electron microscopy. The morphological structure and distribution of fibrillar collagen were qualitatively examined in LV samples from young and old WT mice (Fig. 5) . Fibrillar collagen struts and weaves appeared more frequently in old WT mice compared with young WT mice.
LV structure and function. There were no significant differences in LV volume or EF in old WT mice compared with young WT mice (n ϭ 7; Table 2 ). Likewise, no significanct differences in blood pressure were found between young and old WT animals (n ϭ 6; Table 2 ). However, old WT mice had an increase in wall thickness, LV mass, and the LV massto-LV volume ratio compared with young WT mice.
Myocardial function. Myocardial stiffness constant ␤ was significantly increased in papillary muscles isolated from the old WT mice compared with young WT mice (n ϭ 6 mice/ group; Fig. 6 ).
Effects of Aging in the Absence of SPARC
SPARC immunoblot analysis. As expected, there was no SPARC expression in SPARC-null mice (Fig. 1) .
Fibrillar collagen content by light microscopy. In old SPARC-null mice, there was a significant increase in the collagen volume fraction (n ϭ 6 mice/group; Figs. 2 and 3) . However, the increase in the collagen volume fraction in old SPARC-null mice was substantially less than that which occurred in old WT mice. There were no appreciable differences in sites of collagen accumulation in old versus young SPARCnull mice or with respect to differences in the regional distribution of collagen in old WT hearts. These data indicate that the age-dependent increase in mature cross-linked NaCl-insoluble collagen fibrils was blunted by the absence of SPARC.
Collagen composition by biochemistry. In SPARC-null mice, advanced age was associated with an increase in total, NaCl-insoluble, and NaCl-soluble collagen concentrations compared with young SPARC-null mice (n Ͼ 10 mice/group; Fig. 4 and Table 1 ). The absence of SPARC during the aging process did not appear to alter the age-dependent increase in total collagen as measured by hydroxyproline assays. There were no statistical differences between total collagen in the old WT mice versus old SPARC-null mice. In addition, there was a comparable increase in total collagen in old hearts from both genotypes compared with the respective values of young hearts. However, with advanced age, the relative proportion of collagen that was insoluble was less and the relative proportion of collagen that was soluble in 1 M NaCl was greater in old SPARC-null mice compared with old WT mice. The fraction of total collagen soluble in 1 M NaCl has been predicted to B: optical density analysis was used to semiquantitate SPARC abundance. Young mice were 3 mo of age; old mice were 18 -24 mo of age. Wild-type (WT) mice were from the C57Bl6/ SV129 background, and SPARC-null mice were created using targeted gene insertion to prevent the expression of SPARC. *P Ͻ 0.05 vs. young WT mice. reflect collagen that is not incorporated into cross-linked collagen (20, 34) . Thus, these data suggest that, with advanced age, in the absence of SPARC, less procollagen was processed into mature cross-linked collagen, resulting in less NaClinsoluble collagen and more NaCl-soluble collagen.
Collagen morphology by scanning electron microscopy. Collagen fibrils from old SPARC-null hearts appeared to be present in higher density than in young SPARC-null mice (Fig.  5) . However, collagen fibrils in old SPARC-null mice did not appear to undergo as substantial an increase in collagen fibril thickness as those observed in old WT mice.
LV structure and function. There were no significant differences in LV volume, LV mass, the LV mass-to-volume ratio, EF, or blood pressure in young SPARC-null mice compared with young WT mice (n ϭ 7 mice for echocardiography and 6 mice for blood pressure measurements; Table 2 ). Advanced age resulted in an equivalent increase in the LV mass in old WT and old SPARC-null mice (Table 2) . LV mass, wall thickness, and the LV mass-to-volume ratio increased in both old WT and old SPARC-null mice. No significant changes in blood pressure in old WT or SPARC-null mice were detected.
Myocardial function. Myocardial diastolic stiffness increased in old SPARC-null mice compared with young SPARC-null mice; however, this increase was significantly less than that which occurred in old WT mice (n ϭ 6 mice/ group; Fig. 6 ). Therefore, these experiments suggested that age-dependent increases in stiffness were blunted by the absence of SPARC. Fig. 3 . Reduced collagen content in hearts from old SPARC-null mice. The absence of SPARC decreased age-dependent increases in collagen content. Collagen content was examined using picrosirius red staining and light microscopy to quantify the collagen volume fraction. 
DISCUSSION
The present study demonstrated the following: 1) in WT mice, advanced age was associated with increased SPARC expression, increased mature cross-linked NaCl-insoluble collagen fibrils, increased fibrillar collagen content, and increased myocardial diastolic stiffness; and 2) in SPARC-null mice, advanced age resulted in a significantly reduced increase in NaCl-insoluble collagen, collagen content, and myocardial stiffness than it did in WT mice. These data support the hypothesis that a SPARC-mediated increase in post-synthetic procollagen processing may be one factor that contributes to the LV ECM remodeling and diastolic dysfunction that occurs with advanced age.
Age-Dependent LV Remodeling: Effects on Structure, Function, and Clinical Status
Cross-sectional studies (18, 44) of human subjects with wide ranges in age, but without any detectable cardiovascular disease, have indicated that advanced age is associated with increased LV mass, increased wall thickness, unchanged or decreased LV volume, and a preserved EF. In the absence of cardiovascular disease, these increases in LV mass do not reach levels defined as LV hypertrophy; however, it is sufficient to result in the development of concentric remodeling as evidenced by an increase in the LV mass-to-volume ratio (16, 17, 24) . Similarly, studies in aging animals have shown that with increasing age, the LV develops concentric remodeling. In addition, these studies have shown that advanced age was associated with increased concentrations of ECM fibrillar collagen and significant abnormalities in diastolic function (16, 17, 24) . Likewise, the present study found increases in collagen consistent with values reported previously for WT mice and significant abnormalities in diastolic function in mice of advanced age (1, 15, 49) .
Although the age-dependent changes in LV structure and function do not result in clinical cardiovascular disease per se, they do compromise cardiovascular reserve capacity, decrease exercise tolerance, and increase vulnerability to the effects of comorbid diseases (35) . The age-dependent mechanisms that limit exercise include changes in myocardial structure, diastolic function, responses to catecholamine stimulation, and chronotropic reserve (41) . During maximum exercise in younger subjects, end-systolic volume is decreased and end-diastolic volume, EF, heart rate, and cardiac output are all increased. In older subjects, however, the exercise-induced increases in end-diastolic volume, EF, heart rate, and cardiac output are Values are means Ϯ SE (in mg hydroxyproline/g dry wt of the starting material). Hydroxyproline analysis was performed on NaCl-extracted left ventricles (LVs) from young and old wild-type (WT) and secreted protein acidic and rich in cysteine (SPARC)-null mice. The total collagen content is the sum of the amount of hydroxyproline in NaCl-soluble and -insoluble fractions. *P Ͻ 0.05 vs. young WT mice; †P Ͻ 0.05 vs. young SPARC-null mice; ‡P Ͻ 0.05 vs. old WT mice. Fig. 5 . Distinct collagen fibril morphology in hearts from old SPARC-null compared with WT mice. The morphological structure of collagen was qualitatively examined using scanning electron microscopy. Scale bar ϭ 10 m. markedly blunted. One important mechanism limiting cardiovascular reserve in older subjects is abnormalities in diastolic function, which result, at least in part, from changes in fibrillar collagen content and composition (14, 17) . Age-dependent increases in diastolic stiffness associated with increased collagen content and increased NaCl-insoluble collagen result in a limited ability to recruit Frank-Starling reserve mechanisms to increase LV diastolic volume and augment EF and cardiac output.
However, the pathophysiological mechanisms by which advancing age leads to cardiac remodeling, particularly a net increase in myocardial collagen content and the development of diastolic dysfunction, remain incompletely defined. Examining one potential factor, age-dependent alterations in SPARCmediated post-synthetic procollagen processing into mature NaCl-insoluble fibrillar collagen, was the central focus of the present study.
Determinants of ECM Fibrillar Collagen Content
Fibrillar collagen homeostasis is influenced by at least three regulatory control mechanisms: procollagen biosynthesis, postsynthetic procollagen processing, and collagen degradation (31, 36, 42) . The balance between synthesis, processing, and degradation determines the total fibrillar collagen content. Changes in each of these three determinants may play a significant role in age-dependent alterations in ECM fibrillar collagen and diastolic function. However, previous studies that have suggested that procollagen synthesis and collagen degradation may be altered in advanced age have found that some of these changes favored age-dependent collagen accumulation, whereas others did not (4, 28, 42) .
In aged hearts, levels of mRNA encoding collagen I and III were generally found to be decreased compared with young hearts (2, 5, 46) . Hence, increased transcription of fibrillar Values are means Ϯ SE. Gravimetric measurements were collected at the time of euthanization. LV end-diastolic volume, LV ejection fraction, wall thickness, and LV volume were determined from echocardiographic measurements as described in METHODS. Relative wall thickness at end diastole was determined as follows: (LVPWd ϩ IVSd)/LVIDd, where LVPWd is the LV posterior wall thickness at end diastole, IVSd is the intravetricular septal wall thickness at end diastole, and LVIDd is the LV internal dimension at end diastole. *P Ͻ 0.05, young WT vs. old WT mice; †P Ͻ 0.05, young SPARC-null vs. old SPARC-null mice. collagens in aged hearts is not likely to be the primary contributor to elevated collagen content. SPARC has been hypothesized to enhance tissue collagen concentration by facilitating collagen deposition into the ECM. The absence of SPARC during the aging process did not appear to alter the agedependent increase in total collagen as measured by hydroxyproline assays. There were no statistical differences between total collagen in the old WT versus old SPARC-null mice. In addition, there was a comparable increase in total collagen from young to old age in both WT and SPARC-null mice.
However, significant increases in collagen soluble in 1 M NaCl, a relatively small proportion of total cardiac collagen that is predicted to include newly synthesized, noncross-linked collagen, was observed in the absence of SPARC expression (20, 34) . Although extraction of insoluble collagen with more stringent agents such as pepsin/acetic acid or cyanogen bromide releases a greater amount of cross-linked collagen from cardiac tissue, 1 M NaCl was used in these studies to monitor the amounts of noncross-linked collagen (34) . Increases in NaCl-soluble collagen in SPARC-null mice were similar to the response to transverse aortic constriction (TAC)-induced pressure overload (10) . Increases in insoluble collagen associated with pressure overload resulted in similar increases in diastolic stiffness in TAC mice as those observed here in aged animals (10) . Likewise, the absence of SPARC decreased both collagen concentrations and diastolic stiffness associated with TAC comparable to the decreases shown here in the aged myocardium.
The proteolytic determinants of collagen degradation appear to change in an age-dependent fashion in ways that favor less collagen degradation and more collagen accumulation (42) . Collagen-degrading enzymes, matrix metalloproteinases (MMPs), are generally decreased and their endogenous tissue inhibitors [tissue inhibitors of metalloproteinases (TIMPs)] are generally increased as a function of advancing age. Therefore, the balance between MMPs and TIMPs promotes a decrease in the degradative capacity of the aged myocardium (42) . As SPARC is also a substrate for a number of different MMPs, we predict that the extracellular half-life of SPARC is likely increased in the aged myocardium due, at least in part, to decreases in specific MMP activity (39) . As SPARC is a collagen-binding protein, the increase in collagen content in old hearts might also increase levels of extracellular SPARC through interactions with collagen in the ECM. Levels of mRNA encoding SPARC were not found to be significantly altered in old versus young hearts, and, therefore, increased transcription of SPARC is not considered to contribute appreciably to more SPARC protein in the aged myocardium (30) . Whether SPARC, in turn, affects MMP activity in cardiac cells is of significant interest, and future experiments to address this are planned. Studies (3, 32) carried out primarily in transformed cells in culture have suggested that SPARC acts to increase the activity of certain MMPs, notably MMP-2, MMP-9, and MT1-MMP.
Although SPARC is a primary secreted product of endothelial cells in culture, significant differences in the vascularity of SPARC-null tissues, including the heart, have not been demonstrated. Angiogenesis, as monitored in an implanted sponge model, was enhanced in young SPARC-null mice (12) . However, similar experiments in old WT and SPARC-null mice revealed that the differences in angiogenesis disappeared with age (37) . Although subtle differences in endothelial biology and blood vessel ultrastructure cannot be ruled out in hearts of old SPARC-null mice, to date evidence that SPARC has overt effects on cardiac vascularity has not been found.
Proposed Mechanisms by Which SPARC Affects Procollagen Processing
Once secreted into the extracellular space, post-synthetic procollagen processing is predicted to have two major outcomes: 1) ordered procollagen processing within the extracellular space that favors the formation of or incorporation into a mature crosslinked insoluble structural collagen fibril; or 2) procollagen association with cell surface receptors, which leads to the degradation of procollagen before its incorporation into mature cross-linked insoluble collagen fibrils, and/or premature disordered procollagen processing associated with the cell surface, which does not promote the formation of or incorporation into mature crosslinked insoluble collagen fibrils (9, 38) . The process of extracellular procollagen processing and collagen fiber maturation can be influenced by multiple factors including SPARC, a matricellular protein. Matricellular proteins are defined as nonstructural proteins that associate with the ECM and modulate the interaction of classical ECM components, such as collagen, with cell surfaces (8) .
SPARC is a collagen-binding protein with counteradhesive activity that has been hypothesized to coordinate procollagen processing and facilitate collagen fibril assembly and formation (9) . Although a number of activities have been ascribed to SPARC in vitro, including the modulation of growth factor activity, regulation of cell cycle progression, and gene expression, the function of SPARC in tissues appears complex as well as contextual (13) . The primary phenotypes characterized to date in SPARC-null mice involve aberrant ECM assembly and maintenance (for a review, see Ref. 9) . Consistently, reductions in fibrillar collagen content of connective tissues have been observed, particularly in response to fibrotic injury.
The mechanism by which SPARC influences collagen deposition has been studied in vitro using primary dermal fibroblast cultures from WT and SPARC-null mice (38) . In the absence of SPARC, procollagen secreted from fibroblasts had a greater tendency to associate with and bind to the fibroblast cell surface, to undergo either degradation or premature, disordered processing, and did not efficiently or effectively develop into mature cross-linked insoluble collagen. If recombinant SPARC was added to SPARC-null primary fibroblasts cultures, then procollagen processing was restored toward normal and collagen association with the fibroblast cell surface was decreased (38) . These in vitro results suggest that SPARC limits procollagen binding to cell surface receptors and promotes the processing of procollagen to mature collagen fibrils. In the absence of SPARC, the regulation of procollagen processing is disrupted and the interaction of collagen with receptors is enhanced, leading to an increased degradation of procollagen at the expense of incorporation of processed collagen into insoluble collagen fibrils.
The balance between procollagen processing and procollagen degradation is a fundamental mechanism by which fibrillar collagen content is regulated. A study (6) by Bishop and Laurent has suggested that a substantial portion of newly synthesized procollagen is degraded before complete process-ing and formation of or incorporation into a mature collagen fibril. Even in normal tissues, as much as 5-60% of the newly synthesized procollagen is degraded (14) . Degradation of nascent procollagen was particularly high in the cardiac interstitium compared with levels in skin. Therefore, even small changes in the balance between procollagen processing and procollagen degradation may act as a critical regulatory control mechanism effecting myocardial fibrillar collagen content. Age-dependent increases in SPARC could alter this balance, increase procollagen processing, and be one mechanism responsible for the age-dependent increases in ECM fibrillar collagen.
Relationship Among Advanced Age, SPARC, and ECM Fibrillar Collagen
Data from the present study support the proposed SPARCmediated mechanism affecting procollagen processing as described above. The increase in SPARC that occurred with advanced age promoted procollagen processing, as evidenced by an increase in insoluble collagen in the old versus young WT mice. In the absence of SPARC, advanced age was associated with significantly less procollagen incorporation, as evidenced by a decrease in NaCl-insoluble collagen and an increase in NaCl-soluble collagen in the old SPARC-null versus old WT mice. Other studies examining noncardiovascular tissues have also implicated the influence of SPARC in aging. For example, SPARC expression was increased in dermal fibroblasts aged in vitro and in those from patients with Werner's syndrome (a condition characterized by premature aging) (26, 47) . However, in primary murine dermal fibroblasts, SPARC expression was found to decrease with age (37) . In contrast to the myocardium, dermal collagen concentrations have been shown to dimimish with age (37) . Hence, age and tissue-specific mechanisms that control collagen deposition and accumulation likely differ and perhaps reflect differences in organ function adversely affected by age.
Myocardial Collagen: Effects of the Absence of SPARC
LV myocardial collagen was examined in the present study using three independent methods: 1) collagen content was examined using light microscopy and PSR birefringent staining and quantified by measuring the collagen volume fraction, 2) collagen composition was examined biochemically using hydroxyproline assays to quantify NaCl-insoluble versus NaCl-soluble collagen, and 3) collagen morphology was examined by scanning electron microscopy. These data showed that the absence of SPARC reduced the age-dependent increase in myocardial collagen content, changed the composition of myocardial collagen in favor of more NaCl-soluble collagen and less NaCl-insoluble collagen, and altered collagen morphology. Although the differences in the collagen volume fraction were directionally similar to the hydroxyproline analysis, the magnitude of the change in fibrillar collagen differed somewhat from the biochemically derived collagen measurements. When collagen content was assessed by collagen volume fraction, there was a more robust response to advanced age in mice than was measured by hydroxyproline analysis. We believe that both the measurements of collagen volume fraction and hydroxyproline are complimentary: that each contributes to the overall understanding of collagen homeostasis in advanced age and confers an ability to examine the effects of SPARC on procollagen processing in advanced age. Importantly, both collagen measurements support the hypothesis that the absence of SPARC influences postsynthetic procollagen processing and alters age-dependent changes in collagen concentrations in the LV.
A similar difference between the measurements of collagen volume fraction and hydroxyproline was seen in TAC induced by pressure-overload hypertrophy in WT versus SPARC-null mice (10) . The potential factors that contributed to these differences in collagen measurements were outlined in this previous TAC study (10) . We attribute the differences in collagen measurements in the present study of advanced age to similar mechanisms.
Conclusions
Data from the present study support the conclusion that SPARC is one factor contributing to the increases in myocardial fibrillar collagen content in advanced age and, as such, augments the development of diastolic dysfunction. 
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